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Fine mapping can accurately identify positional candidate genes for quantitative trait loci (QTLs) but can be time consuming, costly, and, for small-effect QTLs with low heritability, difficult in practice. We propose an alternative approach, which uses meta-analysis of original mapping data to produce a relatively small confidence interval for target QTLs, lists the underlying positional candidates, and then eliminates them using whole-genome transcriptomics. Finally, sequencing is conducted on the remaining candidate genes allowing identification of allelic variation in either expression or protein sequence. We demonstrate the approach using root-growth QTLs on chromosomes 2, 5, and 9 of the Bala × Azucena rice mapping population. Confidence intervals of 10.5, 9.6, and 5.4 cM containing 189, 322, and 81 genes, respectively, were produced. Transcriptomics eliminated 40% of candidate genes and identified nine expression polymorphisms. Sequencing of 30 genes revealed that 57% of the predicted proteins were polymorphic. The limitations of this approach are discussed. © 2008 Elsevier Inc. All rights reserved.
Root morphology and architecture play an important role in whole-plant development, from the anchorage of the plant to the acquisition of nutrients and water. A large number of quantitative trait loci (QTLs) have been identified in rice for root morphological characteristics [1] . It is generally accepted that these QTLs are affected by environmental factors; however, a number of QTLs from the Bala × Azucena mapping population are stable across a wide variety of differing environments [2] . The isolation of the genes that underlie stable QTLs will provide useful alleles for rice breeding programs and give a better understanding of the genetic regulation of root growth in all plants.
The categories of genes that have been the focus of physiological studies aimed at explaining root growth and morphology are varied. Genes involved in cell division and expansion [3] , cell wall loosening and hardening [3] , sugar metabolism [4] , and hormone signaling (for review see [5] ) as well as transcription factors have all been studied to some degree. With the availability of a vast number of mutants, especially in Arabidopsis, it has recently been possible to demonstrate that complex interactions between hormones and related signaling pathways play an important role in root development (for review see [6] ).
Based on the knowledge summarized above, a number of attempts have been made to link genes thought to be involved in root development/morphology with QTL mapping. For example Zheng and colleagues [3, 7] mapped expressed sequence tags of four cellwall-related genes (expansins OsEXP2 and OsEXP4, an extension-like gene, and a xyloglucan endotransglycosylase) in rice and found that they were on the intervals for root trait QTLs in rice. But this approach does not provide great confidence in gene candidacy because of the large theoretical size of the QTL, the large number of potential candidate genes, and the fact that many genes exist in large families (for example, there are at least 40 expansins in rice [8] ). Fine mapping via the production of near-isogenic lines and the generation of a very large recombinant population is a more reliable approach to gene identification (for example, see [9] ). However, this requires considerable effort to generate the genetic material and depends on error-free differentiation of plants with the positive and negative alleles of the QTL, which is often practically challenging for smalleffect QTLs. To date only one gene controlling a root morphology/ architecture QTL has been identified. The gene underlying a root elongation QTL in Arabidopsis was identified as an invertase gene by map-based cloning [4] . Map-based cloning is costly and, in crop plants with a longer generation time than Arabidopsis, time consuming. In theory a different approach is possible, which uses large sets of previously generated QTL data. It has been demonstrated that QTLs are more accurate than previously believed [10] . Price [10] showed that 20 QTLs that had either been cloned or accurately tagged lay within 2 cM of the original QTL. It should be possible to take a large set of data for stable QTLs, gathered under various environmental conditions, and produce a mean location (and confidence interval) of the QTL using meta-analysis techniques. Within the confidence interval, a list of positional candidate genes can be constructed from the publicly available databases. Expression analysis of genes within the candidate region can then be used to reduce the candidate gene list, which can be further refined by assessing allelic diversity, either in expression levels or in nonsynonymous substitution revealed by sequencing.
In this study we focused on three rice root QTLs from the Bala × Azucena mapping population. The first is located on chromosome 2, where QTLs for root mass at depth, root-to-shoot ratio, root thickness, penetration ability of a wax layer, and root length in hydroponics and soil have been detected in a number of studies [2, [11] [12] [13] . The second QTL is on chromosome 5 and has been detected for root length in hydroponics and soil, root mass at depth, root dry weight, root thickness, and root penetration ability [2, [11] [12] [13] . The third QTL is located on chromosome 9 and QTLs for root length, root mass at depth, root thickness, and root-to-shoot ratio have been detected in this location [2, 12, 13] . As two of the QTLs of interest are root penetration QTLs, an experiment was designed that would test for whole-genome gene expression in root tips either impeded by a wax layer or not impeded.
We demonstrate that it is possible, in some cases, to create a list of potential candidate genes as small as 62 genes for a root-growth QTLs. We also discuss factors that impeded the narrowing of the candidate genes lists and potential ways that these factors could be overcome.
Results

Position of candidate gene regions
A heat diagram of the QTLs on the three target chromosomes is presented graphically in Fig. 1 , with regions of highest QTL density being indicated in red. The regions focused on in this study are indicated by an arrow. The best-fit model from the meta-QTL analysis is presented in Table 1 . From the figure, three regions of high QTL density were observed on chromosome 2, one at approximately 45 cM, one at approximately 95 cM, and a very dense region of QTLs at approximately 155 cM. The initial meta-QTL analysis for chromosome 2, which used 67 root traits, revealed four meta-QTLs, which are found at 12.5, 42.5, 99, and 157.5 cM (Fig. 2 ). This analysis therefore confirmed the presence of multiple QTLs and identified one additional QTL at the top of the chromosome not revealed by the heat map. For chromosome 5 a single region of high QTL density at 90 cM is evident from Fig. 1 . The initial meta-analysis used 37 traits and revealed two meta-QTLs, one at the top of the chromosome (17.9 cM) and the region of interest at 88.3 cM. From Fig. 2 , chromosome 9 has two dense root QTL regions, one at approximately 70 cM and the other at approximately 85 cM, with a region of less-dense QTLs at approximately 100 cM. The initial meta-analysis using 61 root traits gave three meta-QTLs, one at 60.9 cM, one at 80 cM, and the third at 99.4 cM.
To get a more accurate position of the meta-QTLs a single QTL was used for each experiment to determine the meta-QTL locations. The target meta-QTL on chromosome 2 initially placed at 157.5 cM was given a mean position of 156.7 cM and confidence interval of 151.4-161.9 cM (Fig. 2) after the second analysis based on QTLs from 9 experiments. For chromosome 5, the initial meta-QTL (at 88.3 cM) was given a mean position of 87.3 cM and a confidence interval of 82.5-92.1 cM generated from 11 experiments. The meta-QTL on chromosome 9 initially positioned at 80.0 cM was given a mean position of 80.1 cM with a confidence interval of 77.4-82.8 cM based on 8 experiments.
Genes within candidate gene regions
A list of the genes within the candidate regions is presented in Supplementary Tables 1-3 for chromosomes 2, 5, and 9, respectively. All the DNA elements annotated as mobile elements have been removed from the gene lists for subsequent analysis.
The target meta-QTL for chromosome 2 spans a physical distance of 1.3 Mb (29.93-31.26 Mb), containing 189 genes of which 118 have a predicted function or motif, 37 are annotated as "expressed protein," and 34 are annotated as "hypothetical protein" in Pseudomolecules 5. For chromosome 5 the meta-QTL spans a 2.4-Mb (23.12-25.52 Mb) region containing 322 genes of which 186 have a predicted function or motif, 56 are described as expressed proteins, and 80 are hypothetical proteins. The target meta-QTL on chromosome 9 spans 0.6 Mb (18.68-19.24 Mb), which includes 81 annotated genes. Of these 47 either have been assigned a predicted function or have a recognized motif, 19 of these are annotated as expressed proteins, and 15 are annotated as hypothetical proteins. As the three candidate gene regions are all root-growth QTLs and may represent the effect of similar underlying genes, an analysis of gene annotation was performed on all three lists ( Table 2) . Two gene annotations are present in all three lists, "DNA-binding protein" and "nucleic acidbinding protein." Both of these annotations are very common within the rice genome; 401 genes are annotated as DNA-binding protein and 107 genes are annotated as nucleic acid-binding protein. A number of genes with the same annotation are present in more than Positions indicated in bold are the meta-QTLs focused on in this study. The value is the position of the meta-QTL (in cM) with the range of the meta-QTL in brackets (95% CI). a Model indicates how many QTLs were present in the best-fit model for each chromosome. one list. One that we consider noteworthy is "auxin hydrogen symporter." Using a less stringent analysis, which uses all parts of the gene annotation separately, the term "auxin" appears in all three lists. The lists on chromosome 5 and 9 have a gene annotated as an auxin hydrogen symporter, while on chromosome 2 there is a gene annotated as an "auxin efflux carrier component 1".
Root penetration assay
To measure gene expression in response to a hard layer, a wax layer system was used. The number of roots in different positions relative to the wax layer (before the wax layer, at the wax layer, buckled at the wax layer, or through the layer) is presented in Fig. 3A . A significantly greater number of Bala main root axis buckled at the wax layer compared to Azucena (p b 0.001), and a greater number of Azucena roots were observed penetrating the wax layer (p b 0.001). Also, Bala had significantly more main root axes than Azucena (p = 0.016). When the number of roots penetrating the wax layer was calculated as either a percentage of the total number of roots reaching the wax layer (at, penetrating, and buckled) or a percentage of the total root number ( Fig. 3B ), Azucena had a significantly greater percentage of root axes penetrating the wax layer (p b 0.001 in both cases). Bala had a significantly greater percentage of root axes buckling at the wax layer when the number of buckled roots at the wax layer was calculated as either a percentage of the total number of roots reaching the wax layer (at, penetrating, and buckled) or a percentage of the total root number ( Fig. 3C ) (p b 0.001 in both cases).
Global gene expression
The Affymetrix whole-genome array was used to assess the expression of genes in root tips of Bala and Azucena at the wax layer and of Azucena root tips that were before the layer or buckled after hitting it. An average of 44.2% of the probe sets were expressed over the nine arrays challenged with Azucena mRNA, and 43% of the probe sets were expressed over the three arrays challenged with Bala mRNA. No probe sets were significantly differentially expressed between the three classes of Azucena root tips in relation to the wax layer. However, a large number of probe sets were significantly differentially regulated between Azucena and Bala root tips at the wax layer. A total of 1679 genes were differentially regulated by twofold or greater. The number with higher expression in Azucena compared to Bala was 612, and 1067 probe sets were lower in expression in Azucena relative to Bala. A number of the genes differentially regulated between the genotypes were confirmed by real-time PCR. A total of 10 genes were tested (Table 3 ) and in general the agreement between Q-PCR and the array was very good, with a correlation of 0.95. Two genes identified as differentially regulated in the array, but by a relatively small log ratio, were not confirmed as significantly differentially regulated in the Q-PCR, although in both cases there was evidence indicative of agreement.
Gene expression within candidate gene regions
For the three candidate gene regions, probe sets were assigned to the predicted annotated genes and the expression data used to determine expression of the candidate genes. Those that are differentially expressed between Azucena and Bala within the three target regions are presented in Table 4 . For the candidate gene region on chromosome 2, 170 of the 189 genes could be assigned at least one probe set. A total of 104 genes of the 170 with probe sets were expressed in at least one variety, while 66 genes were never expressed in either variety. Three probe sets were differentially regulated between Azucena and Bala. Probe sets Os.20406.1.S1_a_at (Os02g49332, For the candidate region on chromosome 9, 69 of the 81 genes could be assigned at least one probe set. A total of 50 of the 69 genes with probe sets were expressed in at least one variety, and only 19 genes were never expressed in either variety. Within the candidate gene region two probe sets were differentially regulated between Azucena and Bala. Probe sets Os.15746.1.S1_at (Os09g31490, dihydroflavonol-4-reductase) and Os.7975.1.S1_at (Os09g32169, expressed protein) were significantly higher in expression in Azucena.
Allelic diversity of genes with the candidate gene regions
An attempt was made to sequence a number of candidate genes from the target gene regions on chromosomes 2 and 9, choosing to concentrate on those that had an average array expression level of 50 as determined by the Microarray Analysis Software 5.0 (MAS5.0). A total of 30 genes were successfully sequenced, with an average transcript length of 880 bp. A comparison of sequences was performed between Azucena and Bala and between Azucena and Nipponbare sequences for the genes taken from the TIGR pseudogene assemblies. The frequency of single-nucleotide polymorphisms (SNPs) between Azucena and Bala within the coding regions was 1 per 462 bases, and 48.5% of these SNPs led to a change in the predicted amino acid sequence. Of the 30, 17 genes had at least one amino acid substitution in the predicted protein between Azucena and Bala. The frequency of SNPs between Azucena and Nipponbare was low, with a SNP every 2033 bases within the coding regions and with 21.9% of these SNPs leading to an amino acid change. Thus 6 genes differed between Azucena and Nipponbare in predicted protein sequence.
Discussion
Root penetration and global gene expression
For the root penetration experiment a wax layer of 60% was selected, as it showed the greatest differentiation between Azucena's and Bala's ability to penetrate hard wax layers. Previously an 80% layer was used in a larger tube system to map QTLs for root penetration in the Bala × Azucena mapping population [11] . However, an 80% wax layer so severely impeded both varieties in the rhizotrons used here that no varietal difference could be detected. Nevertheless, the percentage of penetrated roots agrees with the previous study in which 21.4 and 2.6% of Azucena and Bala penetrated the 80% wax layer [11] , compared to 20.5 and 2.9% for Azucena and Bala in 60% wax in this study (Fig. 3) .
A comparison of the expression profiles between the three conditions of Azucena root tips showed no difference in gene expression between the three root tip classes. This is interesting since increased root diameters have been observed in impeded roots (e.g., [14, 15] ), and this might be expected to be a gene-regulated response.
Candidate genes for root QTLs
There was a great deal of variation in the number of genes within the predicted target regions, for example, only 81 annotated genes for chromosome 9 compared to 322 for chromosome 5. The gene density in each region is similar, at approximately 140 genes per megabase. The p value for the Q-PCR was calculated using one-way ANOVA between Azucena and Bala. For the array data the adjusted p value was calculated from GCRMA-normalized data and corrected using a Benjamini and Hochberg [36] correction. A b−Q in front of the SLR value indicates that Bala had a greater level of gene expression.
The reason the chromosome 9 list has one-quarter of the genes compared to 5 is that it has approximately half the confidence interval in the Bala × Azucena map (5.4 vs 9.4 cM); for chromosome 9 the genetic distance in the Rice Genome Project (RGP) map is much smaller than in the Bala × Azucena map (not so in chromosome 5), and the rate of recombination in the RGP map appears to be higher at this region of chromosome 9 (4.8 cM Mb −1 ) than in that of chromosome 5 (3 cM Mb −1 ). It is considered noteworthy that a gene involved in auxin transport appears in all three candidate gene lists. Auxin is a central molecule in root development and growth [5] and therefore these are good candidate genes based on function.
The expression analysis had two limitations that affected the ability to eliminate genes within the target region. First, between 10.5 and 17% of genes in the target regions had no matching probe sets on the Affymetrix rice array. It should be noted that, on average, 43% of these are annotated as hypothetical proteins and have no matching EST/full-length cDNA, which suggests they are not likely to be functional genes. Second, a surprisingly large number of genes were expressed in the target region. The global level of gene expression was 44%, yet that observed in the target regions ranged from 60 to 75%. It is possible that this high number of expressed genes in regions under QTLs represents genomic regions with higher root-specific gene activity. However, comparison with unpublished array data from leaves of Azucena and Bala suggests this is not the case, it is simply that these regions have a high proportion of genes being expressed.
It has been recently demonstrated that some genotypic variations in phenotype are more likely to be caused by differences in gene expression rather than by polymorphisms in the coding DNA [16] . Therefore, it seems logical that the genes showing a significant difference in expression between Azucena and Bala within the candidate gene regions (Table 4 ) are good candidate genes. On chromosome 2, three genes were significantly differentially regulated and one is annotated as a CSLE2-cellulose synthase-like family E. These enzymes are involved in the synthesis of polysaccharides that contribute to the primary cell wall [17] . Therefore this is an interesting category of genes, as it was observed by Whalley and colleagues (unpublished) that there is an alteration in the bending stiffness of rice roots after penetration of the wax layer and this may be due to an alteration in the cell wall properties. On chromosome 5 four genes were differentially regulated between Azucena and Bala (two of which were annotated as expressed protein). One (cytokinin-O-glucosyltransferase 1) glycosylates cytokinins (for review see [18] ). Cytokinins are involved in a whole range of plant growth and development including shoot/root balance (for review see [18] ). This general effect on plant growth highlights this gene as a good candidate. On chromosome 9 there are two differentially regulated genes, one of which is a dihydroflavonol-4-reductase. This class of genes is involved in the synthesis of anthocyanins; however, the gene shows N70% similarity to cinnamoyl-CoA reductase from Arabidopsis thaliana. Cinnamoyl-CoA reductase is an enzyme involved in lignin biosynthesis [19] . It has been shown that the cloned cinnamoyl-CoA reductase from Eucalyptus gunnii showed a very high level of homology with dihydroflavonol-4-reductase, and this level of homology could explain the discrepancy between the annotation from TIGR and the similarity search. If this gene is involved in lignin biosynthesis, it is a potential candidate gene, as lignin is an integral part of the cell wall and, as mentioned above, cell-wall properties may be an important factor in root growth. It has recently been shown that tobacco plants with downregulated cinnamyl alcohol dehydrogenase activity and hence reduced lignin biosynthesis have a 50% reduction in root stiffness [20] .
For genes in the candidate lists on chromosomes 2 and 9 an effort was made to sequence those that had an expression of N50 as determined using MAS5.0 (no other basis of selection was used). A priori, we had no idea of the level of sequence polymorphism between Bala and Azucena. However, it was previously demonstrated that across the entire genome of Nipponbare (japonica subspecies) and 93-11 (indica) a SNP occurs every 268 bp and an indel every 953 bp [21] . To compare the sequence variation between Bala and Azucena, 26 kb of sequence was obtained from mRNA of genes in the target regions of chromosomes 2 and 9. A SNP was detected every 462 bases within the coding sequence (compared to one every 358 bases in the coding sequence of these genes between Nipponbare and 93-11), and 48.5% of these led to a nonsynonymous amino acid alteration. This equated to 17 of the 30 genes having at least one nonsynonymous alteration between Azucena and Bala, and 6 of these genes had a nonsynonymous alteration between Azucena and Nipponbare.
The success and value of the method
The method described here relies on three steps to produce a manageable list of positional candidate genes. First, the meta-analysis to produce a relatively small initial list, second the transcriptomics both to eliminate the majority and to identify expression polymorphism candidates, and finally the sequencing to eliminate more and identify nonsynonymous SNP candidates. We consider that the first step was relatively successful insofar as at least one of the gene lists produced (chromosome 9) was small, even though that for chromosome 5 was too large to handle adequately. In addition to identifying potential expression polymorphisms, the transcriptomics was able to eliminate 28-41% of candidates because they were not expressed. Clearly, the success of this elimination step will depend on the proportion of genes in the target region that are expressed and that can be expected to vary across the genome. Finally, the degree of DNA and predicted amino acid polymorphisms was very high. A priori the degree of polymorphism between Bala and Azucena was not known, but presumably reflects the fact that Azucena is a tropical japonica variety, whereas Bala is normally classified as an indica. However, Bala is a cross between N22 (recently identified as a tropical japonica [22] ) and the indica TN1 [23] , so the high polymorphism is perhaps unfortunate. Certainly, however, the choice of parents for the mapping population, which maximizes the ability to detect QTLs for multiple agronomically important traits, has limited the ability to eliminate candidate genes based on sequence polymorphism. One option to examine further if any of these polymorphisms are good candidates would be to sequence alleles from parents of other mapping populations in which the QTLs are identified and, in particular, in cases in which QTLs are detected in populations of which the parents come from the same rice subspecies. For example, in the case of the QTL on chromosome 9 (at 18.77 Mb) two populations appear useful [24, 25] . However, care must be taken in this approach, since there must be confidence that the QTLs in those populations are accurately attributable to the one targeted here, not the other root QTLs on chromosome 9, and that is not certain with the data currently available.
Despite the unpredicted limitations highlighted above, a number of testable candidate genes have been produced using this approach. Currently, good functional candidates for root QTLs are not available. As understanding of gene function continues to grow, however, the method described here is likely to become an increasingly attractive and valuable alternative to fine mapping.
Materials and methods
Calculating the mean position of root-trait QTLs using meta-analysis Data from previous root screening experiments from the Bala×Azucena mapping populations were used to determine the locations of the mean QTLs [2, [11] [12] [13] . Included are data from an unpublished hydroponic experiment in which all 205 recombinant inbred lines (RILs) of the mapping population were grown as described by Price and colleagues [26] , except that the light level was rather low (200 μmol m −2 s −1 photosynthetically active radiation (PAR)). All raw data were reanalyzed using an updated molecular map that includes 95 restriction fragment length polymorphism markers, 22 amplified fragment length markers, 26 microsatellite markers, 20 PCR-based markers, and a single transposon marker. The map covers 1832.8 cM on 12 linkage groups. The identification of QTLs was performed by composite interval mapping using the program QTLCartographer version 1.15. Background markers for composite interval mapping were selected by forward stepwise regression with backward elimination using the default setting. The default window size was set at 10 cM. QTLs with a lod score of 2.5 or greater were used for meta-QTL analysis.
An initial meta-QTL analysis was conducted to determine the number of QTLs on a chromosome and their mean position using all available root trait data collected from the Bala × Azucena mapping population (totaling 122 root traits). This was achieved using the program BioMERCATOR version 2.1 [27] , which calculates a confidence interval of each QTL from the population size and the proportion of variance (R 2 ) explained by the QTL [28] . In this analysis, models with one, two, three, four, or more than four QTLs are tested and the one with the lowest AIC value is considered the best fit. Once the number of root meta-QTLs on the chromosomes had been established, a second analysis was performed for a single meta-QTL using only one individual QTL from each independent experiment, that being chosen as the QTL with the largest R 2 value. This eliminates bias caused by repeated measurements so that multiple QTLs from pleiotropically related traits from individual experiments are not double counted. For example, MacMillan and colleagues [2] detected QTLs for four root traits in four environments (four independent experiments). Only one QTL was taken from each experiment, meaning that a maximum of four QTLs from the data could be used to produce the confidence interval. The confidence interval generated from this analysis was used to list candidate genes.
Generation of chromosome-intensity maps
The production of color-coded intensity maps for the individual trait datasets was carried out using Visual Basic 6.0. An appropriate color scheme was first selected, with blue representing the least density, moving up through green and yellow to red, which represented the greatest density. The values used in the production of the intensity maps was the 1 LOD range around the lod peak for each root trait. The trait datasets were read in and the maximum value for each dataset was determined. This maximum value then allowed the color scale to be adjusted so as to produce intensity maps with the best possible contrast in colors. The density at each location on the maps was determined by integrating the overlapping ranges given in the QTL datasets. When each range had been integrated, the maximum density could then be determined and used to rescale the color scheme. The length of the intensity map equaled the range of the chromosome being used in each case and so varied appropriately.
Producing annotated gene lists
The Bala × Azucena genetic map was linked to the sequenced rice genome genetic map and physical position by using the available sequence information for the RFLP-and PCR-based markers (from the Gramene Website) and identifying which BACs they were located on by BLAST search at the NCBI Web site. The genetic and physical positions of each BAC are available from the TIGR rice database (www.tigr.org). A list of genes between two physical positions was generated using the Genome Annotation Data Download tool of Pseudomolecules 5 at TIGR. Genes annotated as transposons, transposable elements, and retrotransposons were removed from the candidate gene list.
Analysis of gene annotation within multiple gene lists
The list investigation software attempts to locate words or phrases that occur in more than one of the lists. The software runs the list investigation using two different sets of criteria: for the first, the phrases used must be complete strings of words that occur in the lists; for the second, the only conditions for a phrase to be considered valid is that the words it contains appear in the same order in which they appear originally in the longer phrase and that no words are cut out from within this shorter phrase. So for the first, or "stringent," examination, if a phrase "A B C" existed in a list, then the software would check for occurrences of the phrase "A B C" in other lists. For the second, "nonstringent," examination, the same phrase would result in the software examining other lists for the phrases "A", "B", "C", "A B", "B C", and "A B C".
The files in which each word or phrase exists are recorded in an output file along with these words or phrases. An upper limit of 12 was placed on the number of text lists that could be examined for common phrases, as the number of permutations of phrases increases rapidly with the number of lists. In the work carried out here, only three lists at a time were examined.
Root penetration assay
The ability of roots to penetrate a hard layer was measured using a modified version of the wax-layer method of Yu and colleagues [29] . A chamber with the internal dimensions of 10 × 5 × 25 cm consisting of a glass back, Perspex front, and aluminum spacers with an open bottom and top was set at an angle of 15°in a large sand-filled tray and filled up to 19.5 cm with dry sand. The sand was watered with nutrient solution [30] , the sand was leveled, and then a 5-mm-thick 60% wax layer (prepared using a ratio of 3:2 (w/w) of pastillated paraffin wax/ white soft wax) was poured onto the sand. Once the wax layer had set, two small holes were placed at the back of the wax layer to allow water drainage and water exchange via capillary action. The chamber was then filled up with more dry sand and then watered using nutrient solution. Nutrient solution was then added to the large tray in which the chamber had been placed; this was regularly topped up and allowed the watering of the chamber by capillary action. Light was eliminated from the chambers using white (exterior face)/black (interior face) plastic sheeting.
Azucena and Bala seeds were surface sterilized with 1% (v/w) sodium hypochlorate for 5 min, then rinsed thoroughly three times with water, and then germinated on moist tissue paper for 48 h at 37°C. A single germinated seed was then sown 1 cm below the surface of the sand in each chamber.
The plants were grown in a controlled-environment room with a 12-h day and night, a day temperature of 30°C and a night temperature of 24°C, with 300 μmol m −2 s −1 PAR. After 24 days the chamber was dismantled and the number of nodal root axes falling into the following categories counted: (a) not yet reached the wax layer, (b) at the layer, (c) buckled at the layer, (d) penetrating the layer. Analysis of variance (ANOVA) was performed between the various root classes to ascertain statistical significance. Root tips 5 mm in length were harvested from Azucena plants for subsequent RNA extractions from the first three categories as follows: (a) roots that were between 5 and 10 mm above the wax layer, (b) roots at the wax layer, (c) roots that had buckled at the wax layer and grown 7-10 mm after buckling. From Bala plants, only root tips at the layer were harvested.
Microarray experiments
For microarray analysis, the bottom 5 mm of the root tips from the three classes of Azucena roots and the Bala roots at the wax layer were used. Three array replicates (three array challenges) for each of the four types of sample were performed. Tips for each array replicate were pooled from 10 biological replicates (plants) grown in two independent experimental replicates (two different times of sowing at least 1 month apart). A total of 100 mg of root was used for each RNA extraction using the TRIzol method (Invitrogen) followed by further purification and DNase treatment using the RNeasy clean-up system (Qiagen). RNA was processed for use with the Affymetrix GeneChip Rice Genome array according to the manufacturer's protocol. Briefly, 5 μg of total RNA was used in the one-cycle cDNA synthesis reaction. After the generation of double-stranded cDNA an in vitro transcription reaction was performed to generate biotinylated cRNA. cRNA quality was assessed for fragment length using a bioanalyzer (Agilent 2100). Hybridization, washing, staining, and scanning procedures of the Affymetrix Test 3 arrays and Affymetrix GeneChip Rice Genome arrays were carried out by the Microarray Core Facility of the Institute of Medical Sciences, University of Aberdeen, United Kingdom, as described in the Affymetrix technical manual. Microarray datasets were deposited in the GEO public database, Series Accession No. GSE10857.
Analysis of array data
Expression analysis was initially carried out using MAS5.0 from the Affymetrix GeneChip Operating software (version 1.3). Further analysis was performed using the Bioconductor package [31] using R [32] . The data were normalized using the modified robust multiarray average (RMA) [33] method GCRMA [34] , which takes into account the GC content when doing RMA normalization. Differential gene expression was measured using the LIMMA linear model [35] and a Benjamini and Hochberg [36] correction of the p value. Probe sets were counted as differentially expressed only if they met the following criteria: (1) there was a statistically significant differential expression (adjusted p value 0.05); (2) the fold change in gene expression was ≥2.
Assignment of probe sets to genes
Probe sets were assigned to annotated genes using the Web-based search tool on the National Science Foundation Rice Oligonucleotide Array Project Web site (www.ricearray.org). Annotation was based on the TIGR Pseudomolecule 5 release of 2006 (www.tigr.org).
Confirmation of array data by real-time PCR
A total of 10 genes were selected for real-time PCR to confirm array results. Of those, 4 were genes that were differentially regulated within the candidate gene regions between Bala and Azucena; the remaining genes were differentially regulated elsewhere in the genome. The actin gene was also amplified to normalize the RNA loading. cDNA was synthesized from 1 μg of total RNA using the ImProm-II cDNA synthesis kit (Promega) with an oligo(dT) primer. Control reactions were performed without the reverse transcriptase enzyme to verify that no DNA contamination was present in the RNA samples. PCR amplification was performed in a 25-μl volume containing 1 μl of cDNA, 0.2× SYBR green, 16 mM (NH 4 ) 2 SO 4 , 67 mM Tris-HCl (pH 8.8), 0.01% Tween 20, 1.5 mM MgCl 2 , 200 μM dNTP mix, 0.5 units BioTaq (Bioline), and 0.25 μM each primer. Analysis was performed in an Opticon2 (MJ Research) with cycle conditions of an initial denaturing at 95°C for 15 min followed by 35 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. ANOVA was performed between the genotypes to ascertain statistical significance.
Sequencing of potential candidate genes
Full-length cDNA (http://cdna01.dna.affrc.go.jp/cDNA/) or fulllength coding sequences (www.tigr.org) were use to design primers for the potential candidate genes. PCR was performed on cDNA synthesized from mRNA extracted from root tips located at the wax layer. PCR products were sequenced.
